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I INTRODUCTION

A, General

This report describes the results obtained from operation of an
ionosonde during the Pre-STRESS and STRESS experiments conducted at
Eglin, Florida during the winter and spring of 1976/1977. The analysis
is directed at interpretation of anomalous returns seen on ionograms
obtained after each barium release. These returns are shown to originate
from the barium ion cloud and from layers created from barium ions

migrating to the E-region.

The nature of radio waves reflected or scattered from barium layers
is examined in light of sporadic-E theories and experimental results.
In addition, mechanisms proposed for the generation of sporadic-E layers

are assessed to determine their applicability to barium layers.

B. Background

On 1 December 1976 and during February and March 1977, six ijono-
spheric barium releases were made, each on one of six late afternoons or
evenings near Eglin AFB, Florida. The releases were made for the purpose
of generating a region of structured ionization that would occlude trans-
missions between an aircraft and a synchronous satellite., These experi-
ments, sponsored by the Defense Nuclear Agency (DNA) in cooperation with
the Air Force Electronics System Division (ESD) and the Air Force Avionics
Laboratory (AFAL), were conducted to evaluate satellite communication
links under conditions that simulate many aspects of a post-nuclear-burs:

environment,

An integral part of the experiment was the FPS-85 radar operating in
an incoherent-scatter mode. This instrument was tasked to track the ion
cloud (in order to properly position the aircraft with respect to the
satellite and ion cloud) and to provide diagnostic information on electron

densities within the cloud.

(kPHICEDING PAGE BLANK-NOT FIILMED
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In support of the FPS-85 radar, SRI operated a vertichirp ionosonde
to provide fOFZ measurements for calibration of the FPS-85 radar. Addi-
tional objectives of the vertichirp radar were to obtain electron density
profiles of the background ionosphere (used to calculate ambient Pedersen
conductivities for the six barium releases), and to serve as a real-time
monitor of the state of the ionosphere., Unfortunately, virtually no
ionospheric data were obtained below 200 km, so it has not been possible

to calculate the desired conductivities,

It is not known why ionospheric returns, which would normally orgi-
nate from the E-region in the late afternoon or evening, are absent below
200 km. However, a number of possible reasons can be cited: (1) In the
evenings the noise background was fairly high between the lower-frequency
limit of the sounder and about 1 or 2 MHz, thus obscuring any ionospheric
returns that might have existed in this frequency range; (2) although the
lower-frequency limit of the vertichirp was 0.5 MHz, on most inograms the
actual limit appeared to be about 2 MHz; (3) the sensitivity of the verti-
chirp at low frequencies was poor; and/or (4) E-layer critical frequencies

were below the lower limit of the system.

This lack of ionospheric returns below 200 km also occurred during
SECEDE IT and HAPREX, which required assuming a density model for that
region in order to generate Pedersen conductivities. This exercise was
not repeated here because actual E-region data can be obtained from the
FPS-85 radar or the rocket probe measurements, In addition, since the
conjugate ionosphere is believed to play at least as important a role in
cloud dynamics as does the sunlit ionosphere, it made little sense to
calculate conductivities from an E-region model when no conjugate measure-

ments were made.

In terms of its primary objective--obtaining fOFZ values for the
FPS-85 radar--the vertichirp operated successfully on all six Pre-STRESS
and STRESS releases. On BETTY equipmental problems caused a loss of data
shortly after release (0002 UT) until the problem was corrected at
0100 UT). Good data, however, were obtained prior to the vertichirp
outage and after 0100 UT.




A somewhat unexpected bonus of the vertichirp operation was the
observation of intense and persistent E- and F-region returns that are
believed to originate from the barium ion cloud because of their occur-
rence in approximately the same time and range space as the cloud,

Table 1 summarizes the barium signatures seen on the Pre-STRESS and
STRESS ionograms. Intense E- and F-region echoes were observed on Event
FERN. The E-region echoes were particularly strong, indicating returns
from frequencies as high as 18 MHz. For the other three releases
(CAROLYN, DTANNE, and ESTHER) weak F-region traces lasting several
minutes were observed., No barium-associated echoes were observed for
Event BETTY because of an untimely equipment failure during the period
when returns from the barium cloud would have occurred. When the verti-
chirp resumed operation at R + 68 min, a weak sporadic layer was observed
between 2 and 4 MHz., Although the association of this trace with the
barium cloud cannot be ruled out, we believe that this signature was not
related to the barium cloud because ionograms on several non-release days
had similar echoes at similar times. We feel, however, that had the
vertichirp been operational throughout the times of interest, F-region

returns from BETTY would have been observed.

Although barium echoes were also observed during other barium re-
lease series (SECEDE IT and II1), the STRESS results were particularly
interesting for the following reasons: (1) The returns for FERN showed
a clear downward migration of the reflecting layer, thus implying that
Ba ions moved down to the lower E-region; and (2) the maximum frequency
of the E-region returns for FERN was 18 MHz at R + 81 min., The signifi-
cance of these results is not clear since it is difficult to accept

critical frequencies this large at late times,

Previous reports of barium-associated returns on ionograms (Qetzel
and Chang, 1969; Simons, 197la, 1971b; Baender, 1971; Chang, 1971)* for
the most part described the observations but made no attempt to explain

the nature of the reflecting layers or the significance of the returns.

*
References are listed at the end of this report,
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Thus, the questions raised concerning the nature of the reflecting layers
(image or Ba ions) and the interpretation of the critical frequencies

have not hitherto been addressed,

This report will be concerned primarily with the interpretation of
the barium-related returns seen on the ionograms, Of particular interest
are the interpretation of the barium returns in terms of peak densities,
the origin of the apparent barium-cloud-related sporadic-E echoes, and
the possible interaction of the barium cloud with underlying layers.
Since the barium returns bear such a close resemblance to sporadic-E
returns, a review of the literature (Section II) was conducted to deter-
mine the relevance of previous work to the present study. It was found
that the mechanism believed responsible for midlatitude sporadic-E (com-
pression of metallic ions by horizontal wind shears) plays a major role
in creating the reflecting Es layers seen on the ionograms. Furthermore,
wind shear may have played a role in Event FERN. In addition, the nature
of sporadic-E reflection of radio waves appears to be applicable to the
Ba traces. These results will be discussed in Section III, with the con-

clusions following in Section 1IV.

To permit ready access to the ionospheric and magnetic data that
were collected during the STRESS program, f-plots and ionograms for each
of the releases are presented in Appendix A, Appendix B contains a brief

discussion of the magnetometer operation and a summary of the results.




IT REVIEW OF MIDLATITUDE SPORADIC-E LITATURE

Sporadic-E is a term used to describe a distinctive trace on iono-
grams in the 90-to-120-km height regime. At midlatitude these traces,
characterized by a relatively height-independent echo of a transient
nature, are normally quite distinct from the E-region returns. At times
the maximum frequency returned from sporadic-E layers can be much greater
than the returns from any of the other layers. Sometimes the sporadic-E
layer is opaque and partially or completely blankets anything above it.
On other occasions the upper layers appear to be unaffected by the under-
lying sporadic-E layer. Retardation near the maximum frequency of the
Es trace is sometimes present, implying that the layer is relatively
thick with a well defined peak electron density. On other occasions the
trace is narrow and shows no retardation, suggesting reflection from a
thin layer or from a sharp boundary. Sometimes magnetoionic splitting
at the low-frequency end of the trace may be visible; usually there is

none,

Attention herein is primarily directed at midlatitude sporadic-E
because both its origin and reflection mechanism potentially apply to
the interpretation of barium echoes. Two other categories of sporadic-E
exist--auroral and equatorial. However, the physical phenomena generally
associated with these--auroral particle precipitation and scattering by
plasma waves in the electrojet, respectively--do not appear to be germane

to this discussion. These two types will not be considered here.

Sporadic-E has been a popular topic of research for many years, and
hundreds of theoretical and experimental papers and reports currently
exist. There have been numerous seminars and conferences on the subject,
and three have led to special issues of Radio Science (March 1975; March
1972); February 1966) being devoted to the papers presented. These issues,
as well as a book edited by Smith and Matsushita (1962), a review by
Whitehead (1970), and most recently a comprehensive report by Miller and

Smith (1976) serve as an ideal starting point for the uninitiated reader.
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The number of different explanations and theories on the origin,
generation mechanism, and scattering mechanism respoasible for Es indi-
cates the complexity of the subject. 1In spite of all this interest,
however, many features of sporadic-E layers remain unexplained, It has
only been within the last ten years that a theory regarding the origin
of midlatitude sporadic-E layers has gained general acceptance, This is
the wind-shear theory originally proposed by Dungey (1956; 1959) and
developed by Whitehead (1961), Axford (1963), and MacLeod (1966). The
theory is consistent with many of the observed features of Es and is

now believed to explain at least some of the observed Es traces.

The wind-shear model contends that long-lived metallic ions from
ablating meteors are compressed into thin layers by the combined action
of the horizontal neutral wind and the geomagnetic field. Specifically,
in the lower E-region, where the ion-neutral collision frequency exceeds
the ion gyrofrequency, the ions are e¢ffectively moved by the neutral
particles, As the ions move they are subject to a Lorentz force that
acts perpendicular to both the predominantly horizontal neutral wind and
the geomagnetic field. Thus, the ions can acquire a significant vertical
component of motion while the electrons are dragged along by the polariza-
tion fields, Often large vertical shears exist in the neutral wind and
these in turn lead to vertical shear of the ion motion. The resulting
convergence and divergence of the ion flow can produce a net flow of
ionization into a region and thus cause an enhancement of ion density.
(Correspondingly, however, when there is a net flow out of the region
there is a depletion of ion density.,) Because metallic ions have a long
lifetime in the lower E-region, the density of the enhanced layers will

increase (or decrease) with time.

Other mechanisms--instability and turbulence--have been suggested
as an alternative to the wind-shear theory, but these do not appear as
applicable to midlatitude sporadic-E. Also, in terms of application to
barium-associated E-region returns, the wide-shear theory appears the

most attractive and will be discussed in Section III.

Since ionograms probably provide the bulk of sporadic-E observations,

much effort has been directed toward providing an explanation of these

11




signatures. The interpretation of two parameters--bes and ftEs--that
are used to describe the appearance of sporadic-E echoes on ionograms, is
of particular interest. The first term (bes, the blanketing frequency)
is used to specify the frequency of a partially transparent sporadic-E
layer, above which the upper layers are visible and below which the upper
layers are obscured. The second term (ftEs, the top frequency or some-
times the critical frequency) specifies the highest frequency returned

from the layer.

These parameters can be related to peak densities in the layer if
certain assumptions regarding the reflection medium are made. Two models
have been proposed (Reddy, 1968):

(1) Thin-layer model, in which gradient reflection from thin

horizontally stratified layers is responsible for the Es
trace,

(2) Patchy-layer model, in which reflection or scatter from
irregularities embedded in the layer are responsible for
the Es returns,

Each of these models and variations of them have been tested against obser-

vations, and each is capable of explaining certain features of Es.

The thin-layer model attributes reflection to the large electron-
density gradients that characterize the vertical profile of Es layers
revealed by rocket flights., Reflection coefficients, calculated from a
full-wave solution of the wave equation, indicate that gradient reflection
can produce Es returns of sufficient strength to be seen on the typical
ionogram (Reddy, 1968). Miller and Smith (1976) found, however, that the
range of partial transparency observed (difference between bes and ftHs)
cannot be explained by gradient reflection from the profile associated

with the particular sporadic-E layer.

The patchy-layer model features dense blobs of ionization embedded
in a background of lower electron concentration, The peak density of
these blobs correspond to ftEs, the maximum frequency of the sporadic-E
reflection, and therefore signals incident on them with frequencies below
this value are totally reflected, The blanketing frequency, bes, on the

other hand, corresponds to the minimum uniform electron density in the

12




background. Radio waves with frequencies exceeding this value are able

to penetrate the layer and be reflected from a higher layer.

A variation of the patchy-layer model envisions small-scale irregu-
larities in the vertical electron density distribution., Energy is re-
turned from these layers as described by the scattering theory of Booker

and Gordon (1950), and Gordon (1958).

While there are sufficient theories and observations of sporadic-E
against which to test these models, existing observations of barium echoes
are not of sufficient quality to permit similar comparisons. Nevertheless
the wind-shear theory and the reflection models discussed above can be

used in Section IIT to aid in the interpretation of the data.

13
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ITTI ANALYSIS OF PRE-STRESS AND STRESS TONOGRAMS

Observation of traces on ionograms that appear to be associated
with barium releases is not new, Such effects were probably first re-
corded by investigators from the Max-Planck Institute in the late sixties
(Rieger et al., 1968). Similar effects were also reported during SECEDE
IT and III, and more recently in the STRESS program,

During SECEDE III, conducted in Alaska during March 1969, nine barium
releases of various yields were made, ranging from 2.4 kg to 96 kg. Al-
though two Ba canisters were released at different heights on each of the
first three days of the test series, these multiple releases will be

counted as a single event, Thus, there were six events,

Ionograms taken at College, Alaska showed traces that are attribut-
able to reflection or scatter from the ion cloud for three of the six
events, These traces, for the most part, occurred at a virtual height
of 200 km, in agreement with the slant range to the cloud from the iono-
sonde. The echoes lasted a few minutes and were first observed roughly
ten minutes after release, In addition, the frequency extent of the
echoes was typically less than 1 Hz except for the large 96-kg release,

which had a frequency extent from 4 to 8.5 MHz,

Three of the events apparently did not produce any noticeable echoes
on ionograms, but propagation conditions or the yield of the release were

judged responsible (Oetzel and Chang, 1969; Chang, 1971).

During SECEDE II, conducted in Florida in 1971, six 48-kg barium
releases were made, Each of these produced clear ionospheric effects
and in fact on three releases the resulting E-layer was sufficiently
dense that the upper layers were blanketed. Since foFZ at the time of
blanketing was in the 4-to-5-MHz range, a lower estimate of the peak
electron concentration in the cloud 2 X 1011 el/m3. The onset of blanket-
ing occurred typically about 100 minutes or more after the release, and

the duration was a few tens of minutes.
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With the exception of the times when the F-region was blanketed by
the underlying Eb-layer, SECEDE II ionograms showing returns from the
barium cloud are quite similar.” 1In general, they have the following
characteristics: (1) The onset of barium echoes occurred about 2 to 10
minutes after release; (2) mixed-mode echoes were generally the first
evidence of the barium cloud; (3) multiple echoes separated by 10-to-20
km were typical as the trace developed; (4) Eb or Fb traces® were gener-
ally very thin, but on occasion they were as much as 50 km thick; (5)
retardation or magnetoionic splitting was not observed; (6) partial
blanketing of the upper layers was not evident on the ionograms inspected
even prior to and following the passage of the blanketing layer, thus
suggesting a layer of limited horizontal extent; (7) ionograms for OLIVE
showed the virtual range decreasing at a rate of about 14 m/s., This
value was consistent with radar measurements at 10 MHz, which indicated

a descent of 17 m/s during the first hour.

Although not as striking as the SECEDE results, the STRESS ionograms
exhibit approximately the same behavior as summarized above, with the
following exceptions: (1) There is a hint of magnetoionic splitting near
6 MHz, and a hint of retardation at the high-frequency end of the F-region
trace in ANNE at 2338 UT; (2) the first evidence of the barium echo gen-
erally occurred later (in the 10-to-20-minute time frame) than in SECEDE;
and (3) blanketing of the upper layers was not observed for any of the

releases,

"These conclusions were based on inspection of available SECEDE II iono-
grams published in reports. The results, however, pertain primarily to
OLIVE, since this is the only event for which a complete set of ionograms
was available,

+
Mixed-mode echoes identify returns from a propagation path that includes
some combination of traverses between the ion cloud, the ionosphere, and
the ionosonde, This indirect route leads to a longer path and thus this
type of returns can be distinguished from the direct path between the
ion cloud and the ionosonde.

For brevity, barium-associated traces on ionograms will be designated as
Fb or Eb if they occur at F- or E-region heights, respectively.

15




Figure 1 illustrates some of the salient features that are discussed
in this section., This figure shows ionograms taken shortly after the
FERN release and during a particularly interesting period when the F-region
trace developed and subsequently moved down to the lower E-region. FERN
was released at 2246:09 UT, with apparently no effect evident on ionograms
taken at 2247 and 2250 UT. The first evidence of the barium release oc-
curred at 2253, At this time a faint trace appeared below the F-layer
trace at about 4 MHz., The intensity and frequency extent of this trace
increased in each subsequent ionogram and by 2309, or R + 23 min, it was
clearly visible. At this time the trace developed a 'mose' at the low=-
frequency end and showed a slight amount of frequency dependence at each

end of the return.

The minimum virtual height of the Fb trace at 2309 was 185 km, In
the next sequence of seven ionograms, covering a time period of 23 min,
this trace decreased in intensity and frequency extent while descending
to 130 km, At 2332 the Eb returns occurred primarily between 2 and 4 MHz,

but near 8 MHz there was a hint of Fb returns at a height of 200 km.

Starting from 2335 the Eb trace continued to descend, but its fre-
quency extent increased until at 0007 UT the maximum frequency returned
was 18 MHz. The layer reached a minimum altitude of about 105 km at
0025 UT, and after this time the minimum height of reflection started to

increase with time such that by 0203 UT it was at a height of 135 km.

The above scenario suggests a number of important questions: (1)
What significance can be attached to the maximum frequency returned from
the Eb or Fb layers? (2) What is the nature or origin of the reflecting
layers? (3) What is the reflection or scattering mechanism? (4) What
is the cause of the echo intensity variation with time? These questions

will be addressed in the remainder of this section.

A, Nature of the Reflection Lavers

The contention that F-region traces of the type depicted in Figure 1
result from the barium ion cloud rests on the assumption that these troces

originate in a time and range space similar to that of the ion cloud, and
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upon the uniqueness of these returns. That is, these signatures are not

normal ionospheric returns, and were never observed on non-release days.

In FERN the downward migration of the reflecting layer from a virtual
height* of 200 km to 115 km over a 60-min period is taken as evidence that
barium ions do descend to the lower E-region and are the cause of the
Eb-returns.’ The possibility of barium ions descending to the lower
E-region and forming layers that reflect incident radio signals has been
suggested in the past (Thome, 1971; Mende, 197la), The opinions of these
authors were based primarily on ionograms and HF radar data indicating
that typically the reflecting layer approached the observer, reached a
minimum range, and then receded from the observer. While a descending
Ba layer that reaches a minimum height of approximately 110 km and sub-
sequently passes away from the observer would be consistent with observa-
tions, an equally plausible model is that the returns are due to reflection
from an E-layer enhancement induced by the F-region cloud, Motion of this
enhancement overhead would be consistent with the range-time history ob-

served.

A firm position on these two models was not taken during the SECEDE
program, apparently because arguments could be made in favor of either
one., We feel, however, that the FERN ionograms show conclusively that
barium ions do descend to the lower E-region and are the cause of the
Es return, This conclusion is further supported by the FPS-85 radar mea-

surements and by the SECEDE 11 data,

Furthermore, the development of the echo as the layer descends sug-
gests that the ions are compressed into thin layers, with a corresponding

increase in cross section., Such behavior is consistent with that predicted

“The virtual-height label used on ionograms is correct only for a vertical
propagation path, For off-vertical paths the term range or group path
should be used, Our use of the term is only in reference to the label
on the ionograms and does not imply any specific propagation path,

+
The cause of radio-wave reflection is actually the electrons that are
dragged along by the polarization fields,
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by wind-shear theory. Thus, the Eb trace in FERN is a graphic example
of how a sporadic-E layer is created by the compression of metallic ions,
and gives support to wind shear as the probable mechanism of Eb returns

or Sporadic-E,

jIR Migration of Barium Ions to the Lower E-Region

Figure 2 shows the range-time history of barium echoes observed
during FERN, This figure shows that the barium cloud, released at an
initial range of 221 km from the ionosonde, separated into two parts that
drifted toward the observer at different rates. One part, which we shall
designate the secondary cloud, approached the radar at about 24 m/s during
the first 60 min, reached a minimum range of 105 km at R + 104 min, and

then receded at about 11 m/s.
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FIGURE 2 RANGE-TIME HISTORY OF BARIUM ECHOES FOR EVENT FERN
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The quality of the Fb returns was poor during the first 60 min
and considerable scatter can be seen in these range points. After R + 60
min, however, the Fb trace became quite distinct (see Figure 1), so greater
confidence can be placed in these points. Because of the scatter the
early behavior of the layer causing the Fb returns is uncertain, but
based on the known range of the cloud at release (221 km) and the range
of the layer after R + 60 min it is clear that this part of the cloud

also approached the ionosonde, but at a slower rate,

The descent of a portion of the FERN ion cloud into the E-region
is also supported by the FPS-85 measurements shown in Figure 3. During
the first 60 min the radar tracked a portion that began near the release
height and fell to 143 km. At approximately R + 55 min the radar switched
to another part (we shall call this the main cloud, since it is this cloud

that later became visible), which at that time had dcscended to 172 km,
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FIGURE 3 ALTITUDE OF ION CLOUD AS A FUNCTION OF TIME — EVENT FERN
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If we assume a uniform rate of descent for this target we find that its
descent rate over the first 60 min is about 4 m/s, compared to 12 m/s
for the secondary cloud. After R + 60 min, however, the main cloud also
showed a rapid descent until R + 100 min, when the radar was no longer

able to track the cloud,

Before proposing a model that appears to be consistent with the
vertichirp and FPS-85 data, let us digress and consider how ions move in
a magnetic field. Above about 130 km, and especially so at greater
altitudes, collisions between barium ions are infrequent compared to the
ion gyrofrequency. Hence, to first-order, barium ions can freely move
only in the direction of the magnetic field, When barium ions are re-
leased in sunlight at 185 km they quickly become ionized, forming a
spherical cloud. This initial shape is distorted by gravity, the ambient
electric field, and/or by the neutral winds.* Because of the magnetic-
field constraint, only a northward component of the neutral wind, a west-
ward component of the electric field, or gravity is effective in causing

a vertical motion of the barium ions.

Since it is known from optical and radar data that only a por-
tion of the FERN cloud descended into the E-region, the mechanism driving
the ion cloud down the field lines must also be capable of causing this
separation., This division of the cloud can only be explained by a vertical
wind shear. T1f gravity is neglected, the observed vertical motion of
12 m/s requires a neutral wind with a northward component of at least
12/sin(60) = 14 m/s. Although winds of this magnitude and even larger
are known to exist at the altitude of the barium release, little is known
about the nature of wind shears above about 160 km. We offer the behavior

of FERN as evidence that significant wind shears do exist above 180 km.

The model that appears to be consistent with the ionosonde and

FPS-85 measurements discussed above is the following: Shortly after

“Ambipolar diffusion is neglected in this discussion because it occurs
roughly equally in both directions parallel to the magnetic field. Hence,
to first order, it does not displace the cloud, taken as a whole.
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release, wind shear caused the lower portion of the ion cloud to separate
from the main cloud. Both clouds drifted eastward at about 23 m/s due to
an ambient E X B force (see Figure 4). The upper part of the ion cloud
(main cloud), which was unaffected by the neutral wind, had an additional
downward motion due to gravity. This descent rate, given by the ratio of
the acceleration of gravity to the barium-ion collision frequency, is
about 6 m/s at 180 km, a value consistent with the implied descent rate
of 4 m/s in Figure 3. The lower part, however, descended at a faster
rate--12 m/s--because of gravity plus an additional contribution due to

a northward component of the neutral wind.

A common eastward motion due to E X B was postulated for both
clouds because it is known that the ambient electric field does not vary
with height. Figure 3, however, indicates that the secondary cloud shows
an additional northward motion while the main cloud shows a southward
motion, The resulting horizontal component toward the ionosonde plus the
vertical motion indicated by Figure 2 for the secondary cloud is con-

sistent with the 24-m/s range rate shown by Figure 2.

The main cloud appeared at a constant range from the ionosonde
after R + 70 min because its northward motion due to the descent of the
ions down the field lines is compensated for by the southward motion of
the cloud due to E X B forces (see Figure 3). Apparently, as the main
cloud slowly descended, primarily due to gravity, it encountered a strong

northward neutral wind, which cause the descent rate shown in Figure 3,

2. Interaction Between E- and F-Region Caused by
Barium Releases

The interaction of an F-region barium cloud with the underlying
E-region was pointed out by Haerendel, Lust, and Rieger (1967). These
investigators proposed that at F-region heights an ion cloud driven by
an ambient electric field will become polarized because of charge sepa-
ration arising from the difference in mobility between electrons and ions.
This polarization field will in turn be neutralized by current flow along
the equipotential magnetic field lines. These currents are carried by

electrons due to their higher mobility along the field lines, while down

23




NH34 LN3IA3 — SHINHYVIW JLNNIN-0Z HLIM ANO1D NOI 40 NOILOW

M98

¥ 34N9I4

;.hm

{1 0R

I‘”,II”'IY]”I

1HTH”1H”

s
=

-4—4-~—<—-—--7~4-«-W—<U-“H.M-o~<m

13534 TVNNVW

[
/

0s

Ot

$J3,2WO|Ix
o€ 02 ol

LW—-——q—q—~<<1—j—<—-q--q—-—~<qq#-_<——qqq—<qqd——~<-AAj4|—___-—dqdq—-—-n

0

37v3s

3Sv313y

R

oY) bEbw.n.n..\ ,

R R

) 0 2 0 O

i L

databadeldaldil " (FNS R

NI eew!

LAll

Nd3d4 LN3IA3

Lk LLLLLLL

L

LAl il

llllllll

11111111‘111llllAlJllllllllll]

|

lllllllllllllll

LLLLLL

lllllllll

NoOE

24




in the E-region, due to high Pedersen conductivity of the ions, the hori-

zontal currents are largely carried by the ions.

The situation in the F-region, depicted in Figure 5, is that
as the ions move away from the electrons in the barium cloud the polariza-
tion field created is neutralized by electrons arriving from the underlying
E-region, The electrons, on the other hand, at the rear of the cloud flow
down the field lines and tend to cause a local increase in electron density
there. Below the front of the cloud there is a local increase of positive

charges.
Experimental verification of the E-region interaction of iono-
spheric barium releases has been attempted with some success by Stoffregen

(1970), although his efforts were somewhat inconclusive due to the

_a— FRONT OF CLOUD
\_I!lTH RESPECT TO
E
o
‘<~—-——ELECTRON CURRENT ——‘—'
| —1—— MAGNETIC P o e
<\—/b FIELD LINES C&_/D
IONS PILE uP

S

——————————— O E-LAYER ~ 100 km

PEDERSEN (ion) CURRENT
ELECTRONS

ACCUMULATE HERE
FIGURE 5 SCHEMATIC PICTURE SHOWING HOW AN F-REGION BARIUM CLOUD

INTERACTS WITH THE UNDERLYING E-REGION THROUGH THE
EQUIPOTENTIAL GEOMAGNETIC FIELD LINES
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possibility of auroral contamination in his measurements, At any rate,
Stoffregen observed that within the first minute of release photometric
measurements near the foot of the magnetic field line passing through the
barium cloud reveal a rapid buildup of 5577-% emissions that reaches a
maximum and then decreases to the background level. The duration of the
event was generally only a few tens of seconds, with maximum intensity
occurring about 10 s after the barium release. Apparently because the
degree of interaction is proportional to the peak density of the ion
cloud, the E-region effect rapidly decreases as the ion cloud diffuses.
Hence, observation after the first minute or so does not produce measur-

able results (Stoffregen, 1970).

Although the SECEDE and STRESS series utilized barium releases
with larger yields than those reported by Rieger et al (1968) of the Max
Planck Institute, and hence would be expected to produce larger and longer
E-region effects, there were no experiments (optical or radio) to observe
these interactions in either the SECEDE or the STRESS programs. Thus,
except for papers by Mende (1970, 197la, 1971b) and by Landshoff (1971)
which described the possible E«region effects of an F-region barium re-
lease there has been no recent effort, experimental or theoretical, on

the topic.

The interest in E-region interaction is due to its part in the
overall understanding of barium-cloud development. In addition, if the
E- and F-region are in fact coupled together by the equipotential peo-
magnetic field lines, small-scale irregularities that are produced in
the E-region by turbulence can be projected into the F-region cloud and
can thus be the cause of small-scale structure (Reid, 1968; Volk and

Haerendel, 1971; Lloyd and Haerendel, 1973),

In summary, we have found on ionograms no evidence of E-region
enhancement produced by coupling between the E- and F-region via the geo-
magnetic field lines, This lack of results, however, does not rule out
the possibility that this interaction might have gone unnoticed because
experiments were not optimized to detect the effect of E-region enhance=-

ment.,
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B. Reflection of Radio Waves by Barium Ionization

Perhaps two of the most puzzling features of sporadic-E returns and
indeed of ionospheric returns from barium releases are the frequency ex-
tent of the traces and the maximum frequency reflected. Often the
latter value is much greater than the critical frequency of the F-layer,
and, if converted to a peak electron concentration with the formula
f; = 80.1 N, it results in an unrealistically high value, (fC is the
critical frequency of the layer in Hz, and N is the peak density in

elin.)

For example, if the 15-MHz maximum frequency observed for Fb in
ANNE at R + 47 min is interpreted as a critical frequency, the resulting

peak density of the layer would be 3 X 1012 el/mB. If density decays as

-1/2 ; . 3 : s :
t / , as required by ambipolar diffusion along the geomagnetic field

’ PO ; 14 3 : ’
lines, an initial peak density of 2 x 10 el/m” would be required., This
value is about an order of magnitude greater than that generally accepted

for a 48-kg barium release at 185 km altitude.

The proper interpretation of barium-associated returns seen on iono-
grams rests on knowledge of the physical nature of the reflecting layer
and in particular on whether radio signals are reflected or scattered
from the layers. As we shall see, a definitive answer to this question
cannot be given because the available data appear to be consistent with

at least two different models,

A key parameter in any discussion of radar target characteristics
is the radar cross section (RCS) of the target. This quantity is derived
from the system constants of the radar (antenna gain, frequency, etc.)
and from measured parameters (range and received power). Unfortunately,
while the vertichirp does provide range measurements (virtual height as
a function of frequency), it was not configured to provide amplitude
information., Thus, with the receiver set on AGC (automatic gain control)
and with no provisions made to record the AGC voltage or to calibrate the
intensity of the ionograms, it is now only possible to make a crude esti-

mate of the strength of the barium-associated returns.
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Laboratory measurements made after the completion of the STRESS ex-
perients showed that the vertichirp sounder is able to measure a signal
level of approximately -140 dBm over the range of frequencies used. To

convert this signal to a minimum radar cross section we use the radar

equation
PTGZAZKLG
P s
R (4ﬁ)3Ra
where

PR = Received signal strength
PT = Transmit power (8 watts)

G = Antenna gain (3 dB)

. A = Wavelength (30 m at 10 MHz)
v K = Modulation factor (-13.5 dB)
L = Two-way absorption and other losses (-3 dB)
o = Radar cross section (RCS)
R = Range of the target (200 km).

Several of the numbers in the above list, the antenna gain, the D-region
absorption and other losses, and the measured signal strength are not
known, and estimates were made. The modulation factor, K, results from
gain weighting used in the transmitter and receiver, and from the duty
cycle of the transmitted signal. Thus, at a frequency of 10 MHz the

RCS of the barium cloud is
2
c\dB m = PR(dBm) + 187 dB .

Using the laboratory measurement of -140 dBm for PR we conclude that

under ideal conditions the vertichirp should be able to detect the cloud

if it has an RCS of at least 47 dB relative to 1 mz, or 5 X 104 m2.

Measurements of barium-cloud radar cross section in the S5-to-10-MHz
range during SECEDE II and III indicate that the cross section of a

typical 48-kg cloud reaches a peak of about 106 m2 shortly after release
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and decays to about 105 m2 in about 10 to 15 min., The RCS is not well
behaved, and 5-to-10-dB excursions in a one-minute period can occur.
Nevertheless, during the first 10 min following release, 2 to 3 X 105 m2
appears to be a representative RCS, Late-time data when the ion cloud
is fully striated apparently do not exist, but in view of the strength
of the late-time echoes seen in Event ANNE, the RCS must remain above

5

2
10" m~ for tens of minutes.

Cross sections for the layers causing the E-region returns are not
available, but based on their appearance on the ionograms we estimate
that the received signal power is comparable for echoes from both E- and
F-regions. Because of the range dependence in the radar equation, how-
ever, the RCS of the layer at 100 km can be a factor of 16 less than the
RCS of a layer at 200 km and still have the same received power. Thus,

&

; : ’ " 3
the minimum detectable cross section at 100 km is about 3 X 107 m" .

Before we address the question of the reflection mechanism to be
associated with the F-region returns we first note some of their char-
acteristics:

(1) The first evidence of barium echoes occurs some time after

release., During SECEDE II barium echoes were observed

about 2 to 10 min after release. During STRESS, echoes
occurred in the 10-to-20-min time frame.

(2) The first echoes observed were either direct or mixed-
mode echoes.,

(3) Retardation or magnetoionic splitting was generally not
evident on barium returns. The traces were typically
very thin and show little or no range dependence with
frequency.

(4) When the echoes were first observed they tended to be
weak, but they typically increased in intensity with the
passage of time,
From these observations we conclude that the returns were not due
to overdense or total reflection. The reasons are as follows: HF radar
measurements show that maximum cross section occurs a few minutes after
release, Hence, if overdense reflection was responsible for the Fb traces
the strongest returns would occur one or two minutes after release, with

intensity decreasing with time., The opposite trend is observed,
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Gradient reflection and scattering, either from dense blobs or weak
irregularities, are two mechanisms often proposed to explain sporadic-E
echoes. 1In applying these models to barium echoes we find that signal
intensity does not permit a clear choice, since both mechanisms can lead

to returned signals with comparable radar cross sections.

In terms of signal characteristics we expect gradient reflection to
result in thin, discrete echoes, whereas scattering should lead to diffused
returns that may at times have appreciable range depth., Since examples
of both types of echoes can be found in the data, a clear choice between

the two models cannot be made.

Thus we conclude that gradient reflection and scatter are viable

mechanisms for the origin of Fb echoes. Because of the large minimum
T

detectable RCS (5 X 10" ml) of the vertichirp, the release and initial
development of the barium cloud is not visible to the ionosonde. Only
when the cloud has expanded and perhaps formed sheets of sufficient cross
section at the correct orientation to the ionosonde is the cloud detected.
The ion cloud is highly aspect-sensitive and at times a mixed-mode echo
is observed because its path presents a larger cross section than the

direct path,

The characteristics of the E-region echoes observed during FERN are
quite similar to those summarized for the Fb returns with the following
additions:

(1) Blanketing of the upper layers was not observed for any

of the STRESS releases. Blanketing occurred on three of
the six releases in SECEDE II.

(2) FERN showed a clear descent of the echoing layer from

the F-region to the lower E-region. This trace started
as a weak return but later became very intense.

Blanketing was not observed during FERN, possibly because the layer
density was too low, or because the layer did not pass directly overhead,
The layer's peak density is not well known, but the SECEDE I1 results

; j i R
suggest that 3 x 100" m (5 MHz critical frequency) is possible even 100
min after release, Since the lack of partial blanketing for any event

implies a rather limited horizontal extent for the Eb layer we conclude
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that the peak density region of the FERN Eb layer probably did not pass

over the ionosonde.

The strength of the FERN Eb returns and their time characteristics
suggest that the returns are due to thin layers with high gradients. The
underside of these layers, however, cannot be smooth; if they were, re-
turns would not be possible unless these layers were directly overhead.
The best model for the Eb layers seems to be a thin, rough layer with

high gradients,
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IV CONCLUSIONS

Analysis of ionograms obtained during the Pre-STRESS and STRESS
program in concert with other pertinent data and sporadic-E theories

yield the following observations and conclusions:

(1) Characteristics of barium-associated ionosonde traces
(a) F-region echoes (Fb echoes)

¢ Evidence of barium cloud first occurs some time after
release, During SECEDE II, barium echoes were observed
about 2 to 10 min after release. During STRESS, echoes
occurred in the 10-to-20-min time frame.

e The first echoes observed were either direct or mixed-
mode echoes.

(b) E-region echoes (Eb echoes)

® FERN showed a clear descent of the echoing layer from
the F-region to the lower E-region. This E-region
trace subsequently became very intense, reached a
minimum range of 105 km, receded, and then faded out.

® Blanketing of the upper layers was not observed during
any of the STRESS releases. Blanketing occurred on
three of the six SECEDE 11 releases.

(c) E- and F-region echoes

® Retardation and magnetoionic splitting were generally
not observed. The traces were typically very thin and
showed little or no range dependence with frequency.

®* When the echoes are first observed they tend to be
weak, but they typically increase in intensity with
time,

(2) Nature of the layers responsible for the barium-associated returns

(a) The direct and mixed-mode returns in the F-region originated
from the barium ion cloud.

(b) Mixed-mode echoes are due to the aspect-sensitive nature
of the ion cloud.

(¢) 1In the E-region the returns are from layers of barium ions
that separate from.the main cloud and descend to the E-
region through the combined action of gravity, a northern
component of the neutral wind, and/or a westward component
of the electric field.
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(3)

(4)

(d) Once the barium ions descend to the E-region they are
compressed into thin layers, with a corresponding increase
in cross section,

Reflection or scattering mechanism responsible for the echoes

(a) The nature of the reflection layer can be best described
as a thin layer of barium ions with sharp upper and lower
boundaries.

(b) Gradient reflection is the most likely mechanism, but
other possibilities such as scattering from weak ir-
regularities or from dense blobs cannot be ruled out.

(c) Reflection is not specular, so maximum frequency observed
for the layer cannot be interpreted as a critical or a
maximum plasma frequency.

Coupling of E- and F-Region. E-region interactions with the

F-region cloud through electrodynamic coupling via the equi-
potential field lines are not supported by the data.
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Appendix A

IONOSPHERIC DATA

The Barry Research VIS-1 Vertichirp sounder that was fielded in
support of the STRESS experiments is a frequency-modulated FM (chirp)
radar designed to perform vertical-incidence ionospheric soundings. The
sounder has a frequency range from 0.5 to 30 MHz and a virtual-height
range of 0 to 1000 km. A single-wire delta antenna was used for trans-
mitting and receiving.* Transmitted power was 3 watts average, and 8
watts peak. Various sweep formats and other operational parameters can

be chosen to suit any likely ionospheric conditions, but in general, the

sounder was operated using the following parameters:

e Linear sweep rate--50 kHz/s
o Lower frequency limit--0.5 Mhz

e Upper frequency limit 10, 15, or 20 MHz, depending on the extent
of the barium returns

e Hourly operation except on release days when the sounder was in
continuous operation.
The vertical ionosonde was located at Eglin Site C-6 adjacent to
the Technology International Corporation photographic site and the TV-

track site. The equipment shared the TV-track van.

During Pre-STRESS the vertichirp started operation on 29 November
at 2134 UT and provided coverage of the ANNE release on 1 December 1976.
The equipment was shut down after the completion of this single Pre-

STRESS test, and resumed operation on 20 February 1977 at 2116 UT for

Since a broadband delta was not used, system sensitivity was probably
degraded at low frequencies. Construction of a broadband delta antenna
by range support was requested in the contract but was not accomplished.
Thus, with the limited personnel and equipment that was available on
site a simpler antenna was erected.
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the STRESS experiments. From this time the ionosonde operated on an
hourly schedule until the completion of the last STRESS release on

14 March 1977. On release days, as summarized in Table A-1, the normal

hourly schedule was changed to a continuous mode, which typically produced

a new ionogram every 3 minutes.

Table A-1
SUMMARY OF PRE-STRESS AND STRESS RELEASES

Event Release Time Date
(UT) (uT)
ANNE 2311:42 1 December 1976
BETTY 235227 26 February 1977
CAROLYN 2852 :010.5 2 March 1977
DIANNE 0001:08 8 March 1977
ESTHER 2301::08.8 13 March 1977
FERN 2246:08.8 14 March 1977

A concise summary of the ionospheric conditions on the six barium
release days is given by the f-plots presented in Figures A-1 through
A-6. The critical frequencies shown for the E- and F-layers were scaled
from the ionograms. The uncertainty in reading the critical frequencies
is about #0.1 MHz when the layers are well defined. Generally, accuracies-

are within about +0.2 MHz.

Ionograms for the barium releases that produced ionospheric echoes
are shown in Figures A-7 through A-11. 1In Figure A-7, Fb echoes are
particularly strong and had a maximum frequency of 15 MHz at 2359 UT
(R + 47.3 min). Several spurious returns can be seen. These occurred
below about 140 km and are identified as spurious because they show no
range variation with time and because they occurred during laboratory
tests using known signals, Four such spurious returns can be seen at
2353 UT in Figure A-7., One started at 10 MHz at 100 km, with a symmetri-
cal pair about this range starting at 15 MHz. The strong trace at 130 km
extending from 2 to 9 MHz is also believed to be equipment-related. Thus,

all of the E-region traces in ANNE are believed to be equipment-related,
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The ANNE Fb trace at 2338 UT apparently shows a slight amount of
retardation at the high-frequency end of the trace. In addition, magneto-
ionic splitting is apparently present near 6 and 7 MHz. This frequency
(fOFb = 6.8 MHz) can be converted into a peak density of 6 X 1011 el/m3,
which is about an order of magnitude less than the peak density measured
by the FPS-85 at R + 47.3 min. If we convert the maximum frequency
observed at this time (12.5 MHz) to a peak density the value obtained
is about 2 X 1012 el/m3, which is about a factor of 3 less than the
FPS-85 measurements., In view of the quality of the Fb trace and the
questionable interpretation of the critical frequencies, however, these
values cannot be considered very reliable and any agreement may be
fortuitous. The calculations illustrate the values one would obtain
when the barium cloud is treated as a thick slab with a well defined

peak electron concentration.

Ionograms for CAROLYN are shown in Figure A-8. There is no evidence
of any Eb returns, but a weak, direct Fb trace can be seen at 0012 and
is visible until 0024 UT between 5 and 10 MHz at a virtual height of

approximately 200 km.

Similar weak F-region returns (Fb) are also evident in the DIANNE
ionograms presented in Figure A-9. The echo is first seen at 0046 UT
and is visible until 0114 UT at a virtual height of 200 km. Weak mixed-

mode echoes are apparently present at 0024 UT.

In ESTHER a natural sporadic-E layer can be seen in the first iono-
gram in Figure A-10 and is visible throughout the sequence. (There is
no question of the origin of this trace because this layer is present
prior to the release of ESTHER at 2301 UT.) Although the cloud is
definitely present at 2319 UT between 4 and 10 MHz, there is evidence
of a mixed-mode echo occurring earlier at 2305 UT and also in the following
two ionograms. Mixed-mode returns are also apparent in Figure A-10 at

0005 to 0012 UT.

Both E- and F-region returns from the barium cloud were observed
in FERN. Unlike the Eb returns in ESTHER, the Eb returns in FERN show

a clear range variation with time as would be expected from a layer
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drifting toward the ionosonde and passing overhead. In addition the
sequence of ionograms between 2253 and 2355 UT clearly shows that the Eb
layer originated from the barium cloud. Thus, it is clear that the Eb-

trace in FERN is barium-cloud-related.

The Eb-layer passed overhead at approximately 0025 UT (minimum height
of 106 km) and was last seen at 0220 UT at a height of 135 km. There are
hints of the Fb trace at approximately 135 km for the next 13 hours.
Equally suggestive of this layer is that on occasion mixed-mode F-region
returns can be seen (see ionograms at 0600, 0620, and 0740). Finally,
at 1520 UT (0920 LT) a strong return can be seen at 135 km extending
between 3 and 10 MHz. Although these late returns cannot be conclusiv
related to the barium release, we believe that the trace at 1520 UT is

cloud-related.
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Appendix B

MAGNETOMETER RESULTS
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Appendix B

MAGNE TOME TER RES-ULTS DURING STRESS

SRI operated an EDA three-axis fluxgate magnetometer during the
STRESS program to provide a real-time monitor of the geomagnetic field.
This instrument, a highly reliable solid-state unit, was operated con-
tinuously for the duration of the STRESS test. The output of the instru-
ment was recorded on strip charts that were scanned for the presence of
any unusual disturbance such as a sudden magnetic commencement. None

were observed.

A summary of the magnetometer data collected is presented in Figure
B-1. The magnetic index represents a 3-hour average of the data. The
index ranges from O to 10, with O indicating very quiet conditions and
10 very disturbed. As can be seen in the figure the STRESS releases
were conducted during a relatively inactive period when the magnetic

index never exceeded 5.

The occurrence of the five STRESS releases is indicated in Figure
B-1. Evidently magnetic activity was most active for ESTHER and the

least active for BETTY AND FERN,
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